The entire 1317 nucleotide sequence of the maize stripe virus (MStV) RNA5 was determined. Only one open reading frame (ORF) was identified and was found in the viral complementary RNA (vcRNA). This ORF appears to encode a protein ofM r 44237, hereafter referred to as NS 5. In vitro translation of transcripts representing nearly full-length RNA5 vcRNA yielded products of the predicted size, as well as some smaller, less prominent products. No products were identified from transcripts of viral polarity. RNA hybridization analyses of MStVinfected Zea mays revealed RNAs corresponding only to full-length RNA5, but both positive and negative polarity RNAs were abundant. Analysis of the NS 5 amino acid sequence revealed that it is extremely basic, containing 21% arginine and lysine. Database comparisons showed that NS 5 had no significant similarity to other protein sequences.
Introduction
Maize stripe virus (MStV) is a member of the tenuiviruses, all of which have delphacid planthoppers as their principal vectors and have plant host ranges limited to the Gramineae (Gingery, 1988) . Filamentous ribonucleoprotein particles (RNPs) which contain four or five distinct RNAs can be isolated from tenuivirus-infected plants (Falk & Tsai, 1984; Falk et al., 1989; Gingery, 1988; Ishikawa et aL, 1989; Toriyama & Watanabe, 1989; Ramirez et al., 1992) . The estimated sizes of these RNAs range from approx. 8-8 kb to approx. 1-5 kb (Falk & Tsai, 1984) , to give a total estimated genome size of about 18 kb. RNAs 3 and 4 of MStV and rice stripe virus (RStV) have been characterized in detail and exhibit an ambisense gene organization and expression strategy (Huiet et al., 1991 (Huiet et al., , 1992 Kakutani et al., 1990 Kakutani et al., , 1991 Zhu et aL, 1991) , similar to that of the small (S) RNAs for viruses in the Phlebovirus and Uukuvirus genera (Bunyaviridae; Auperin et al., 1984; Simons et al., 1990) , and the S and medium RNAs of tomato spotted wilt tospovirus (de Haan et al., 1990; Law et al., 1992) . In addition, these data have shown that the 5'-and 3'-terminal eight nucleotides (nt) of the tenuivirus RNAs are identical to those of the phlebovirus and uukuvirus S RNAs, indicating a possible evolutionary relationship between these virus groups (Huiet et al., 1991 (Huiet et al., , 1992 Kakutani et al., 1990) .
Only for MStV and one isolate of RStV has an approximately 1.5 kb RNA (RNA5) been identified and isolated from purified RNPs (Falk and Tsai, 1984; Ishikawa et al., 1989) . Recent studies suggest that only four RNAs are found in other RStV isolates and rice hoja blanca virus (Toriyama et al., 1989; Ramirez et al., 1992) . In order to characterize this fifth MStV RNA further and to compare the relationships of MStV to other tenuiviruses and members of the Bunyaviridae, the nucleotide sequence and potential protein product of MStV RNA5 were determined. These results revealed that RNA5 is of negative sense only, not ambisense, and encodes a highly basic protein of M r 44237.
Methods
cDNA cloning and nucleotide sequence analysis. MStV was isolated and propagated as described previously (Falk & Tsai, 1984) . Most of the MStV cDNA clones used here had been previously isolated (Falk et al., 1989; Huiet et al., 1991) : additional RNA5 cDNA clones were identified by DNA-RNA hybridization, restriction endonuclease mapping and DNA sequence analysis. The RNA5 3' end sequence was obtained by PCR amplification of cDNA. RNA isolated from RNPs was polyadenylated and an oligonucleotide, 3" TTTTTTTTTTTTTTT-CGAAGAGCTC 5', was used as a primer for cDNA synthesis as previously described for MStV RNA4 (Huiet et al., 1992) . This cDNA was then amplified by PCR using the above oligonucleotide and a second, 3' ATACCATCGGTTCTGGGC 5', which is complementary to nt 296 to 313 ( Fig. 2 ; this nucleotide sequence was determined from plasmid pMS9C, as described below). PCR-amplified DNA was obtained using a Perkin-Elmer Cetus DNA Thermo Cycler for 25 cycles, each with 1 min at 94 °C, 45 °C and 72 °C. The resulting PCR fragment was ligated to clone pMS9CR ( Fig. 1 ; pMS9CR contains the same cDNA insert as pMS9C, but in reversed orientation) at their common XbaI site (nt 221 to 226) to yield the nearly full-length cDNA clone, pMSpro5.
DNA sequencing was performed from both strands of cDNA clones using the dideoxynucleotide chain termination method (Sequenase, U. S. Biochemicals) and the chemical degradation method (Tabor & Richardson, 1987; Maxam & Gilbert, 1980) . The entire sequence, except for the Y-terminal 20 nt, was determined from at least two overlapping clones for each region. The RNA5 5'-terminal sequence was determined using an oligonucleotide (5' CGGCTCCTCGTGGG-CCATTC 3') which corresponded to nt 1168 to 1187 of the viral complementary RNA (vcRNA) as a primer, avian myeloblastosis virus reverse transcriptase and dideoxynucleotides to sequence the RNP RNA directly (Huiet et al., 1991) .
Computer analysis. DNA sequence analysis was carried out using DNA Strider and DNA Molly for the Macintosh. The protein database searches were carried out using Wordsearch from the Wisconsin GCG software (Devereux et al., 1984) on a VAX 8600 computer.
RNA hybridization and in vitro translation analysis. RNA-RNA hybridization experiments were carried out using healthy and MStVinfected Zea mays total RNAs, and MStV RNP RNAs. Probes were generated by phage T3 RNA polymerase-mediated in vitro transcription (Huiet et al., 1992) of MStV RNA5 plasmids pMS9C and pMS9CR.
In vitro translation analysis and SDS-PAGE were used to identify possible proteins encoded by MStV RNA5. Sense (viral complementary polarity) and negative sense (viral polarity) transcripts were generated from a linearized (EcoRI and SalI respectively for phage T7 and T3 RNA polymerases) nearly full-length RNA5 cDNA clone, pMSpro5. Transcript size was assessed by agarose gel electrophoresis, and 1 to 2 lag of each transcript and MStV RNP RNAs were separately used to prime wheat germ extract and rabbit reticulocyte lysate systems (Huiet et al., 1991) .
[35S]Methionine-labelled proteins were detected by SDS-PAGE and autoradiography.
Results

cDNA cloning and sequence analysis
A previously identified MStV RNA5 cDNA clone, pMS57 (Falk et al., 1989) , was used to identify additional, overlapping clones which represented almost the entire length of RNA5 (Fig. 1) . One plasmid, pMS9C, which contained a 1150 bp cDNA insert was identified. Nucleotide sequence analysis of pMS9C and of three overlapping clones, the 3' region PCR cDNA clone and direct sequencing of the RNA5 5' terminus revealed that RNA5 is 1317 nt long (Fig. 2) . The results obtained from this sequencing strategy gave an identical nucleotide sequence in overlapping clones, except that polymorphisms were detected at two positions. In two of three clones, nucleotide 653 was an A, and the third had a G. Also, in two of three clones nucleotide 673 was a C but one had a T. The sequence given in Fig. 2 shows the A and C, respectively, for these two positions. It is also of interest to note that when the 5' region of MStV RNP RNA5 was sequenced by reverse transcription, no typical premature sequencing stop was seen at approximately nucleotide 15, as has been noted previously for RNAs 3 and 4 (Fig. 3, and unpublished) .
Analysis of the RNA5 sequence revealed a single large open reading frame (ORF) for all possible reading frames on each strand. This predicted ORF is located in the viral complementary (vc) strand, begins 66 nt from the 5' terminus of the vcRNA and terminates at nucleotide 1191. The ORF begins with the second AUG codon from the terminus of the RNA; the first AUG has a UGA stop codon just 10 nt downstream. The ORF AUG has the preferred consensus sequence AUGG, and an A at the -3 position (Kozak, 1986) , but a second AUG codon occurs within the ORF only 36 nt downstream from the first.
The RNA50RF could encode a protein of M r 44237 (see Fig. 2 for deduced amino acid sequence). We refer to this protein as NS~, describing the non-structural protein encoded by RNA5. Analysis of the NS 5 sequence revealed that it is extremely hydrophilic; a plot of its charge distribution revealed that there is only one region that is not hydrophilic in the entire NS~ protein (Fig. 4) . Further examination revealed that this is due to the high percentage of positively charged amino acids, which are fairly evenly distributed throughout the protein. Only the region between amino acids 263 and 301 does not contain either lysine or arginine (Fig. 4) sequence was compared to others in the databases, no significant areas of similarity were found.
RNA hybridization and in vitro translation analysis
32P-labelled T3 transcripts were generated from plasmids pMS9C and pMS9CR and used in hybridization experiments with MStV RNAs. As these plasmids are identical except for the orientations of the cDNA sequence (pMS9C and pMS9CR are reversed) the probes were of opposite polarities to each other. Both probes hybridized only to an RNA of approx. 1.4 kb present in the RNP RNAs and total RNA from MStV-infected Z. mays, but no hybridization was detected in the healthy Z. mays RNA sample (Fig. 5) . No smaller RNAs, which might be indicative of subgenomic-like RNAs, were detected using these probes. RNAs in Fig. 5 (a) and (b) are from the same gel, and had identical amounts of RNA for corresponding lanes. However, the intensity of hybridization signals when using the opposite polarity probes was quite different. Comparison of the hybridization results for (a) and (b) indicated that the majority of RNA5 isolated from RNPs was detected using probe A, and thus is of negative polarity (Fig. 5 a,  lane 1) . A small amount of RNA of the opposite polarity
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(a) was also present in R N P extracts, however, as has been noted previously (not visible in Fig. 5 , but was detected upon longer exposures; also see Falk et al., 1989) . R N A of the same polarity as the R N P R N A appeared to be the predominant form of R N A 5 in the MStV-infected Z. m a y s (Fig. 5a, b, lanes 2) . However, the level o f the v c R N A (positive polarity) detected in MStV-infected Z. m a y s total R N A s was much higher than was detected in the R N P R N A (Fig. 5a , b, lanes 2 compared to 1, respectively). I n vitro translation results showed that vc transcripts (which are o f positive polarity with respect to the R N A 5 O R F ) were able to generate specific products, whereas 6 . In vitro translation analysis of MStV RNAs. Lane 1 shows products generated by brome mosaic virus virion RNAs; lane 2 shows products generated from MSIV RNAs isolated from purified RNPs; lanes 3 and 4 show products generated from transcripts of MStV eDNA clone pMSpro5, and represent vc-and viral polarity (v) RNA, respectively. Translations were carried out using a wheat germ extract (Promega). Products were labelled with [3"SS]methionine, separated by SDS-PAGE and detected by autoradiography. Arrowheads indicate proteins of M r 92000, 32000 and 20000, from top to bottom, respectively. no products were generated by transcripts of the opposite polarity (negative polarity with respect to the R N A 5 O R F ; Fig. 6 ). Four proteins were detected with estimated sizes of M r 46000, 44000, 33000 and 16000. The two largest proteins were always detected in greater amounts, and correspond closely to the size predicted for the NS 5 protein. Identical products were generated when transcripts were translated using rabbit reticulocyte lysate systems (data not shown). However, no products that comigrated with any of the R N A 5 products were detected in the MStV R N P R N A translation products (Fig. 6 ).
D i s c u s s i o n
These data demonstrate that MStV R N A 5 is 1317 nt long and that the majority of R N A 5 encapsidated within R N P s is o f negative polarity. Only one O R F is found Virus Sequence within RNA5, unlike the ambisense RNAs 3 and 4, and it is in the vcRNA (Huiet et al., 1991 (Huiet et al., , 1992 . The RNA5 ORF is capable of coding for a protein of Mr 44237, and products of this size, as well as smaller products, were detected when vcRNA transcripts were generated in vitro and translated. Interestingly, two products were detected which had estimated sizes close to the predicted NS~ size. It is possible that the larger product (of Mr approx. 46000) seen in the translations was authentic NS 5 and the smaller product (Mr approx. 44000) resulted from translation initiated at the second AUG codon within the RNA50RF. This second AUG is only 36 nt downstream from the first AUG (Fig. 2) . No products were generated by transcripts of the opposite polarity (corresponding to the polarity of the majority of RNA5 encapsidated within RNPs).
Further evidence suggesting that RNA5 is a MStV genomic segment is that RNA5 contains the tenuivirus conserved terminal nucleotide sequences. Interestingly, the RNA5 3'-terminal nucleotide sequence is not exactly the same as seen for MStV RNAs 3 and 4. It has an A instead of a U at the sixth position from the 3' terminus (Fig. 7) . This sequence, however, is identical to that reported for RStV RNA1 and for the S RNA of Punta Toro phlebovirus (Takahashi et al., 1991; Ihara et al., 1984) . It is also interesting that when the 5'-terminal nucleotide sequence was determined directly from RNA5, we did not see the premature transcriptional stop which is characteristically seen in both MStV RNAs 3 and 4 (Fig. 3) . It is possible that the difference at the sixth nucleotide, an A as opposed to U, changes the stability of the proposed hairpin-like base-paired 5' and 3' termini, and makes the RNA5 structure less stable than that of RNAs 3 and 4, so that reverse transcriptase does not terminate prematurely at this site.
It is also of interest that RNA5 appears to be monocistronic and not ambisense as are RNAs 3 and 4 (Huiet et al., 1991 (Huiet et al., , 1992 . The viruses of the Phlebovirus and Uukuvirus genera, to which the tenuiviruses appear to be related phylogenetically, also have ambisense as well as negative-sense, monocistronic RNAs composing their genomes (Schmaljohn & Patterson, 1991) . Our hybridization data showed no evidence for RNA5 subgenomic-like RNAs in MStV-infected plants. Despite the fact that the negative polarity RNA5 appears to be the most abundant in RNPs, much greater amounts of the positive polarity RNA5 are present in infected Z. mays plants. Thus, these data suggest that full-length vcRNA5 serves as an mRNA.
These data support the argument that MStV RNA5 is a component of the MStV genome. We have now determined the complete nucleotide sequences for MStV RNAs 3 (2357 nt), 4 (2227 nt) and 5 (1317 nt) (Huiet et al., 1991 (Huiet et al., , 1992 . We have not as yet determined the exact sizes of RNAs 1 and 2, but they have been estimated to be about 8"3 and 3.5 kb (Falk & Tsai, 1984; Falk et al., 1989) . The total size of the MStV genome, including all five RNAs, would then be approx. 17.7 kb, suggesting that, among the plant viruses, the tenuivirus genome is smaller only than those of the plant Reoviridae and citrus tristeza closterovirus (Nuss & Dall, 1989; Sekiya et al., 1991) . The tenuiviruses, such as MStV, also have genomes composed of more RNA segments (five instead of three segments) than do members of the related Phlebovirus and Uukuvirus genera of the Bunyaviridae.
